In this study, the cryopreservation methods for Bama miniature pig semen were investigated and optimized. First, using an orthogonal experimental design, the semen freezing-thawing procedure for Bama miniature boars was optimized based on analysis of the effects of concentrations of LDL (LC, parameter A), trehalose (TC, parameter B) and glycerol (GC, parameter C), the equilibration time at 15°C (ET, parameter D), and the thawing method (TM, parameter E) on sperm motility. The results showed that the effects of the parameters could be arranged as A>C>B>D>E. The LDL concentration and final glycerol concentration had exceedingly significant effects on the motility of thawed spermatozoa (P<0.01), and the effects of the trehalose concentration, equilibration time at 15°C, and the thawing method were not significant (P>0.05). Scheme 2 (A 3 B 4 C 2 D 3 E 1 ) gave a motility of 52.26% after thawing. Then, using sperm motility, acrosome integrity, plasma membrane integrity, and DNA injury rate as indicators, four combinations, on the basis of scheme 2, were designed to analyze the protective effects of different combinations of LDL, glycerol, and trehalose; the results showed that combination of 9% LDL, 200 mM trehalose, and 2% glycerol (i.e., combination 4) demonstrated significantly better protective effects than the other combinations (P<0.05), further verifying that scheme 2 was the best for cryopreservation of Bama miniature boar semen. In this way, a method with favorable performance was established for cryopreservation of semen of Bama miniature boars.
Introduction
Pigs resemble human beings in many aspects such as anatomy, physiological aspects, and pathogenesis of diseases [33] , and have unique advantages in a lot of fields as animal models of human diseases [21] , for safety and efficacy evaluation of new drugs [22] , and as donors of heterogeneous organ transplantation [10] and thus are considerably valuable in medical research. Bama miniature pigs are a family of mini-pigs with characteristics of simple experimental operation, easy microbial control, low feeding cost, etc. [33] and have been widely used in many laboratory experiments [10, 21, 22, 33] . Semen cryopreservation can bring the genetic potential of high-quality male breeding stocks into full play and speed up varietal improvement of the livestock [37] ; also, it is an instrument indispensable to establishment of animal sperm banks. Therefore, semen cryopreservation is of great importance to strain and germplasm resource preservation of experimental animals and model animals with exceedingly high use.
Mature semen cryopreservation technology has been developed for cattle [1] , mice [27] , and human beings [32] , and commercial sperm banks have been established. However, the cryopreservation results of semen of pigs [14] and rats [35] are still unsatisfactory. The motility and acrosome integrity of spermatozoa in frozen-thawed semen are low relative to fresh semen. In addition, the fecundity rates and litter sizes obtained with frozen pig semen are both greatly lower than those obtained with fresh semen [15] . This is mainly because the lipid content and components of the plasma membrane of pig spermatozoa are different from those of other mammals, making pig spermatozoa very susceptible to cool shock and freezing [18] . The primary harm of cool shock lies in reducing sperm motility, enhancing ion permeability of sperm membranes and thereby causing injury of the sperm membrane and loss of lipoid substances of sperm cells, while the sperm membrane integrity is crucially important to sperm fertilizability [14] . Freezing will, on one hand, change the intra-and intercellular osmotic pressure, leading to cell dehydration and protein denaturation; on the other hand, it leads to formation of ice crystals in cells, causing fatal damage to spermatozoa [24] . Therefore, the primary targets of sperm cryopreservation, which involves application of cryoprotectants and optimization of the freeze-thaw schedule (cooling, freezing and thawing) for semen, are to prevent formation of fatal ice crystals threatening spermatozoa and to reduce damage caused by freezing in sperm acrosomes and the plasma membrane. The sperm motility and concentration of Bama miniature boars are all notably lower than those of common commercial pigs, and data supporting the semen cryopreservation effects are unavailable.
Studies indicate that, among animal semen diluting solutions and freezing solutions, yolk, glycerol, and impermeable protectant disaccharides play important roles in improving the quality of frozen-thawed semen. During the semen cooling process, addition of 20% yolk can effectively reduce sperm injury caused by cool shock [5, 13] . Further studies have revealed that the active substance in yolk is low-density lipoprotein (LDL) [17] ; the effective protecting concentration is 6-10% [17, 26, 36] . glycerol, as a permeable protectant, is usually added at a concentration of 1-4% [18] but may be toxic, to some extent, to spermatozoa when used as a protectant [14] . in recent years, a number of studies have been carried out on impermeable protectant disaccharides such as lactose, sucrose, and trehalose [29, 37] , of which trehalose has been found to have favorable performance. apart from freezing protectants, equilibration time at 15°C in Beltsville thawing solution in the cooling process, which can enhance the capacity of spermatozoa to resist cool shock [11, 34] , and the thawing method [4, 6] are also important factors influencing the quality of frozen-thawed semen of boars.
Since no cryopreservation method for Bama miniature boar semen is available, it is necessary to take these factors into account to find a method suitable for cryopreservation of semen of such animals. This study utilized an orthogonal experimental design to optimize the method for cryopreservation of the semen of Bama miniature boars on the basis of different concentrations of LDL and trehalose in the diluting solution and glycerol in the freezing solution taking into consideration of the equilibration time at 15°C and the thawing method and evaluated the effects of different experimental conditions on frozen-thawed spermatozoa, by using a computer-aided analysis system (CaaS) to evaluate the kinematic characteristics of spermatozoa, the plasma membrane and acrosome integrity as a means of evaluating structural integrity of thawed spermatozoa and the Comet assay as a means of evaluating the degree of Dna damage, so as to investigate the optimal concentrations of the three reagents, the optimal equilibration time of Bama miniature boar semen at 15°C and the optimal thawing method. However, no report on the performance of LDL, glycerol, and trehalose in combination in swine semen cryopreservation is available, and tests with an orthogonal experimental design reflect only profiles of representative points and cannot fully compare effects of combinations of the three different reagents on semen cryopreservation. So, on the basis of the orthogonal experimental design in this study, different combinations of LDL, glycerol, and trehalose were devised to further analyze their effects on the cryopreservation quality of semen of Bama miniature boars.
Materials and Methods

Experimental animals
Ten 
Main equipments and reagents
a WLJY-9000 color semen analysis system (Beijing Weili New Century Science & Tech. Development Co., Ltd., Beijing, China), 600-1010K ultra-low temperature thermometer (Barnant, Barrington, iL, uSa), automatic high-speed centrifuge (Hanau, Hessen, germany), and Nikon E600 fluorescence microscope (Tokyo, Japan) were used. Glycerol was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China), OEP was purchased from nova Chemical sales inc. (Scituate, Ma, uSa), and other reagents, including glucose, trehalose, Tris, and TES were purchased from Sigma-Aldrich (St. Louis, Mo, uSa).
Semen freezing and thawing
Semen freezing and thawing in the orthogonal experimental design. By the gloved-hand method [2] , semen was collected from 10 boars once per week. The middle thick part of the ejaculated semen (motility>0.7) was collected, transferred into an insulated vacuum bottle that was previously heated to 32°C, and delivered to the laboratory within 30 min. LDL was extracted from yolk by reference to the method put forward by Moussa et al. [26] . Twenty-five milliliters of semen was diluted 1:1 in Beltsville Thawing Solution (BTS), the resulting solution was transferred to a 50 ml centrifugal tube, and then the temperature was gradually decreased to 15°C; after that, equilibration for different times was allowed at 15°C according to the experimental design [11] . The solution was centrifuged at 500 ×g for 5 min, and then the supernatant was discarded. The component of the basic diluent, TCF, consisted of 200 mM Tris, 77 mM citric acid, and 61 mM fructose. Before semen collection, the basic diluent was mixed with 25 mg of gentamicin, 50,000 iu penicillin, and different concentrations of LDL (w/v) and trehalose to produce the diluting solution. Different concentrations of glycerol were added to the prepared diluting solution to produce the freezing solution. The sediment was mixed into the diluting solution at 1:1 and was then diluted 1:1 in the freezing solution after decreasing the temperature to 5°C within 2 h; the resulting solution was shaken well and allowed to stand at 5°C for 5-10 min. The sperm suspension was loaded into 0.25 ml straws immediately, and the straws were sealed manually using polyvinyl alcohol. All of the straws were then placed in contact with nitrogen vapor for 15 min at about 2-3 cm (−120°C) above the liquid nitrogen level and then immersed into the liquid nitrogen (−196°C) for storage [13] . The semen was thawed using different methods, diluted in 1:10 in the thawing solution (9.5 ml of BTS solution and 0.5 ml of the relevant diluting solution), which was previously warmed to 37°C, and incubated at 37°C for 10 min prior to analysis.
Semen freezing and thawing to investigate the protective effects of combinations of LDL, glycerol, and trehalose. on the basis of the optimal scheme (scheme 2), which was obtained using the orthogonal experimental design L 16 (4 5 ), the protective effects of different combinations of LDL, glycerol, and trehalose were analyzed. Four combinations were designed. Each of the combinations was equilibrated at 15°C (in Beltsville thawing solution) for 3 h; the freezing method was the same as described above; thawing for all combinations was performed at 37°C for 45 s. The concentrations of LDL, trehalose, and glycerol in the diluting solution and freezing solution were 9% (w/v), 200mM and 2% (v/v), respectively, but the three protectants were combined in different ways. In combination 1 (control method), only glycerol was added, and since no LDL was added, 20% (v/v) yolk was used to replace LDL for resisting cool shock. In combination 2, LDL and glycerol were added. In combination 3, trehalose and glycerol were added, and since no LDL was added, 20% (v/v) yolk was used to replace LDL for resisting cool shock. Combination 4, in which LDL, glycerol and trehalose were all added, was the best scheme (scheme 2) obtained through orthogonal optimization. The experiment was repeated fifteen times (i.e., fifteen semen samples were tested), and the mean value was used as the experiment result.
Assessment of thawed semen
After thawing and incubation, the total motile sperm (TMS), the straight line velocity (VSL), curvilinear velocity (VCL), and the amplitude of lateral head displacement (ALH) were analyzed on a computer-aided sperm analyzer (CaSa) using 20 µl of semen. The plasma membrane integrity (PMI) was evaluated by the hypotonic swelling test (HOST) [17] . Membrane-intact spermatozoa had coiled tails after HOST. Five visual fields of different parts were observed to calculate the percentage of spermatozoa with coiled tails. Acrosome integrity (AI) was determined by the Coomassie brilliant blue method [8, 16] . Sperm smears were stained using 0.05% Coomassie brilliant blue (g250) and observed under a 1,000× common light microscope. integral acrosomes were stained deeply [20] and possessed a distinct apical ridge that formed a smooth crescent at the apical border of the head [9, 30] ; nonintegral acrosomes included lightly-damaged acrosome (acrosome was stained but missed apical ridge) and severely-damaged acrosome (acrosome not stained and lost the acrosomal cap). More than 200 spermatozoa were counted on each smear. DNA injury of thawed spermatozoa was assessed by neutral Comet assay [17] , with test indicators including Comet rate (CR) and Comet tail Dna rate (TD). Spermatozoa with fragmented DNA would form a "comet" indicating that the sperm DNA was damaged and not integral. At least one hundred sperm cells were examined randomly for each sample. Figure 1 illustrates the effects of each test method.
Statistical analysis
Results were expressed as mean values or mean values ± SD. Data processing of the orthogonal experiment results was performed with ANOVA and the orthogonal range method (R). in orthogonal layout L p (n m ), the p results of the experiment, are y 1 , y 2 ,…, # y p , respectively, and R j is the range of the parameters in row j. Higher R j values indicate that the parameters have greater influence on the experiment result. K ij is defined as the sum of the evaluation indexes (TMS) of all levels (i, i=1, 2, 3, 4) in each parameter (j, j=1, 2, 3, 4, 5); k ij is the mean value of K ij . S j is the total variation of row j, f j =n − 1, and when there is no blank row in this orthogonal layout, the minimum value in S j is used as the sum of the squares of deviations of errors (S e ); and Experimental results of scheme 1 and scheme 2 were analyzed by t test using the SPSS 13.0 software. ANOVA data of plasma membrane integrity, acrosome integrity, and Dna injury rates at different LDL and trehalose concentrations were also analyzed using the SPSS 13.0 software, and Duncan multiple comparison tests were carried out for multiple comparisons. Probabilities of less than 5% (P<0.05) or 1% (P<0.01) were considered significant or exceedingly significant respectively.
Results
Orthogonal experimental design: Semen freeze-thawing methods for Bama miniature boars
in the L 16 (4 5 ) orthogonal table (Table 2) , levels of each parameter were designed according to literature reports ( Table 1) . The results of the orthogonal experiment are shown in Tables 2 and 3 . According to the range, the effects of the parameters could be arranged as a>C>B>D>e (Table 2) . Parameters a and C had exceedingly significant (P<0.01, Table 3 ) and significant effects on the motility of thawed spermatozoa (P<0.05, Table Fig. 1 . integrity of the plasma membrane, acrosome, and Dna of spermatozoa in frozen-thawed semen of Bama miniature boars. a) integral sperm plasma membrane (tail bent due to swelling); b) injured sperm plasma membrane (tail not bent); c) integral sperm acrosome (acrosome was deeply stained and possessed a distinct apical ridge that formed a smooth crescent at the apical border of the head); d1) injured sperm acrosome (slightly-damaged acrosome, acrosome was stained but missed the apical ridge); d2) injured sperm acrosome (severely-damaged acrosome, acrosome not stained and lost the acrosomal cap); e) integral sperm Dna (comet not formed); f) injured sperm Dna (comet formed). Magnification was 1,000× (a, c and d) or 400× (b, e and f) for the panels.
3), respectively; the effects of parameters B, D, and e were not significant (P>0.05, Table 2 ). and according to the trend graph (Fig. 2) , another scheme (a 3 B 4 C 2 D 3 e 1 , scheme 2, the combination of vertexes of each parameter) was obtained. No sig- Values of TMS were expressed as means. nificant difference was found in TMS after the freezethawing process by the two schemes (P>0.05, Table 5 ).
The levels of the four parameters were the same (A 3 , B 4 , C 2 , e 1 ) in the two schemes except for parameter D, and equilibration for 3 h at 15°C generated better results than equilibration for 1 h (the vertex of parameter D is D 3 , Fig. 2 ). So scheme 2 was chosen as the freeze-thawing solution for Bama miniature boar semen.
Role of the combination of LDL, glycerol, and trehalose in frozen-thawed semen of Bama miniature boars
on the basis of the optimal scheme (scheme 2), four combinations were designed (Table 4) . In thawed semen, the TMS, VSL, PMi, ai, CR, and TD of spermatozoa with combination 4 were significantly higher than those with the other 3 combinations (P<0.05, Table 6 , Figs. 3  and 4) ; the difference in VCL was significant between combination 1 and combination 4; no significant difference in ALH was found among the combinations (P>0.05, Table 6 ). 
No LDL was added to combinations 1 and 3, and 20% yolk was used to substitute for LDL for resisting cool shock. Data are expressed as mean values ± SD. Different letters given for data in a row or column in the table indicate that the difference is significant (P<0.05).
Discussion
Characteristics of fresh semen of Bama miniature boars
Fresh semen of Bama miniature boars is significantly different from that of common commercial boars. Statistical analysis showed (semen samples were from 10 healthy Bama miniature boars, the semen sample of each boar was tested repeatedly 10 times, and the conception rate of Bama pigs was based on results of mating the 10 boars with 80 females in the heat period) that the ejaculation volume, fresh semen vitality, density, total sperm, and acrosome integrity of Bama boars were 93.15 ml, 75.39%, 0.78 × 10 8 /ml, 7.27 × 10 9 , and 83.51% respectively, all lower than those of Duroc boars and Yorkshire boars [3, 19, 28, 38] ; this seems to indicate that greater difficulty exists in freezing semen of Bama boars. The conception rate of Bama sows was 73.75%, higher than those of Duroc and Yorkshire pigs; this seems to be favorable for storage and replication of experimental animal models of Bama pigs. The Dna injury rate (Comet rate) was 3.63%; relevant data are unavailable for other swine species.
Optimization and screening of cryopreservation schemes for semen of Bama miniature boars
Many factors in cryopreservation of semen of Bama miniature boars affect the quality of semen after freezing and thawing, but no report is available on the intensity of effects of each factor on semen cryopreservation results. In our study, we found that LDL concentration was the principal influencing parameter. During semen cryopreservation, reducing damage caused by freezing to sperm acrosomes and the plasma membrane is of great importance [14] . LDL can form a protective film over the cell membrane, preventing nutrient loss and cell damage and thereby maintaining the cell membrane and protein structure during the process of ice crystal formation [25] . This might be why the LDL concentration showed a sharp influences and was the principal influencing factor.
according to the results of the orthogonal experiments, the optimal concentration of LDL in the diluting solution was 9% (w/v), corresponding to the findings of Hu et al. [13] and Jiang et al. [17] . The optimal concentrations of trehalose in the diluting solution and glycerol in the freezing solution were 200 mM and 2% (v/v), which differed, to some extent, from the findings of gutierrez-Perez et al. [12] but led to slightly higher motility after freezing and thawing. The optimal equilibration time was 3 h, similar to the findings of Guthrie and Welch [11] but different from those of Pursel et al. [31] . Thawing at 37°C for 45 s was the best method, differing from the findings of both A. Cordova-Izquierdo et al. [4] and eriksson and Rodriguez-Martinez [6] . in our study, the motility of thawed spermatozoa fell between the values in their studies. However, the previous two stud- ies used Duroc boars and Yorkshire boars, the fresh sperm motility of which are higher than that of Bama miniature boars.
On the basis of scheme 2, we further analyzed the effects of different combinations of LDL, trehalose, and glycerol on kinematic characteristics, acrosome integrity, plasma membrane integrity, and Dna integrity of frozen-thawed spermatozoa of Bama miniature boars and found that all indicators except lateral head displacement of frozen-thawed semen with the combination in which 9% LDL and 200 mM trehalose were added to the diluting solution and 2% glycerol was added to the freezing solution were significantly better than with other combinations (P<0.05), further verifying that scheme 2 was the best choice for cryopreservation of semen of Bama miniature boars. additionally, the fresh semen motility of Bama miniature boars was lower than those of Duroc boars and Yorkshire boars, but the semen motility following freezing-thawing according to scheme 2 reached 52.26%, indicating that scheme 2 was a favorable method for cryopreservation of Bama miniature boar semen.
Effects of the combination of LDL, trehalose, and glycerol on cryopreservation of semen of miniature boars
Mazur [23] found that, during the process of semen freezing, ice crystals formed in the extracellular fluid separated from the solute when the temperature dropped below −10°C; formation of more ice crystals would result in concentration of the non-frozen part, thereby causing cell dehydration. Cell dehydration will lead to cell degeneration and cause injury of the cell membrane structure, which is referred to as osmotic injury. Fraser [7] found that the protein-lipid complex of cell membranes might be the most fragile part subject to cool shock. The most substantial effect of the process of crystallization-induced cell injury is loss of the lipid and protein components of the cell membrane, which results in cleavage. Therefore, during the process of semen cryopreservation, formation of a hyperosmotic solution inside and outside of the cells should be avoided as much as possible to reduce damage to the cell membrane, to the protein-lipid complex in particular. glycerol is a permeable protectant that, before complete solidification of the cell freezing suspension, permeates into cells, produces certain molarities inside and outside the cells, and binds to water molecules, thereby decreasing the concentrations of electrolytes in the non-frozen parts inside and outside of the cells and protecting them from osmotic injury. Also, water molecules in cells, restrained by glycerol, will not leak much to the outside, avoiding cell shrinkage due to excessive dehydration. Trehalose, as an impermeable cryoprotectant, can vigorously hold water molecules in the extracellular fluid, effectively reducing the osmotic pressure of extracellular fluid and keeping the cellular interior moist. This prevents nutrient loss and cell damage due to hydration and thereby maintains the cell membrane and protein structure during the process of ice crystal formation. LDL contains 85-90% lipids and 10-15% protein and appears as a membrane composed of protein and lipids enclosing triglyceride as the core [25] . During the freeze-thawing process, cell dehydration causes structural damage to LDL, and subsequently, lipids enter the solution and form a gel-like protective film on the spermatozoa [16] , which protects the lipid-protein complex of cell membranes and thereby safeguards the spermatozoa.
Therefore, trehalose decreases the osmotic pressure of extracellular fluid, glycerol reduces the intra-and extracellular osmotic pressure, and LDL forms protective film over the cell membrane. Jiang et al. [17] used 9% LDL and 2% glycerol in combination and obtained a motility of 49.33% for frozen-thawed spermatozoa; gutierrez-Perez et al. [12] obtained a motility of 42.25% using 250 mM trehalose and 1% glycerol in combination. The three substances protect the cell membrane by different but nonconflicting mechanisms. This study showed that 9% LDL, 200 mM trehalose, and 2% glycerol in combination could more effectively protect spermatozoa than other combinations, and the motility after thawing was as high as 52.26%.
in this study, the cryopreservation methods for Bama miniature boar semen were optimized. Additionally, the protective effects of combinations of LDL, glycerol, and trehalose in semen cryopreservation were established, providing a favorable scheme for semen cryopreservation and screening of mini-pigs and facilitating germplasm preservation and utilization in experimental animals. 
